Uniaxial tensile tests of glass specimens were carried out at a range of strain rate and temperatures. The strain rate and temperature dependencies on the tensile strength (breaking stress) of the glass were investigated in detail. The relationship between tensile strength, strain rate and temperature can be expressed using exponential functions given by Norton's law and an Arrhenius type equation. An empirical equation expressing the temperature and strain rate dependencies of tensile strength was obtained from the experimental results. The strength of the glass was discussed from the standpoint of the thermo-viscoelastic properties of the material.
Introduction
The need for optical devices has expanded recently with increased demand for projector lenses for digital cameras and liquid crystal display (LCD) projectors and pickup lenses for DVDs and Blu-ray discs. Generally, these optical devices are made with resin or glass. Because high transmissivity, a high refractive index and excellent heat resistance are required for high-value added optical devices, the importance of glass in such devices is still very high.
Glass optical devices are manufactured by various methods such as grinding, polishing and press molding. In recent years, press molding has been attracting attention from the viewpoint of production cost in fields such as aspherical lenses, microlens arrays. In press molding, a glass blank or gob is initially heated to a temperature above its glass transition temperature (T g ), and subsequently molded to the required shape between upper and lower dies. The introduction of press molding has made possible mass production of glass optical devices that have complicated geometry on the glass surface (1) - (3) .
The first problem in press molding is to predict the most suitable molding conditions, and substantial knowledge has already been obtained. Allen et al. (1) and Arai et al. (4) (5) carried out numerical simulation using the thermoviscoelastic properties (6) (7) of glass. In these approaches, suitable molding conditions for glass lenses were predicted using finite element analyses together with the thermoviscoelastic properties of the glass.
To predict damage occurrence to glass that occurs in the press molding process, it is important to determine the strength of the glass at several temperatures and strain rates. Matsuoka et al. (8) (9) have already considered the strength of glass. However, it is known that the strength of the glass depends on both the temperature and the strain rate, as well as the thermoviscoelastic properties. Consequently, there are very few useful data concerning damage generation in glass.
In the present study, to obtain basic data concerning the strength of a glass that has strain rate and temperature dependencies, the strength was evaluated by uniaxial tensile tests. BK-7 borosilicate glass, which is widely utilized for the lens and prism units of cameras, was used for the test specimens. The relationship between the tensile strength of the glass, temperature and strain rate was investigated by experimental data. An empirical equation incorporating Norton's law and an Arrhenius type equation was proposed to express the tensile strength of the glass.
Experimental procedure
The tensile tests were carried out using a universal testing machine in conjunction with an electric furnace (AG-10TD: Shimadzu Corporation, Japan). An overview of the equipment is shown in Fig. 1 . The test temperature can be set from 300 to 900°C. The temperature in the furnace was measured with a thermocouple, and controlled by a digital indicator (MR13: Shimaden Co., Ltd., Japan). Tensile load was measured with a load cell (TCLZ-500NA: Tokyo Sokki Kenkyujo Co., Ltd., Japan). To protect the load cell from the influence of heat, radiation fins were inserted between the electric furnace and the load cell as shown in the Fig. 1 .
The specifications of BK-7 glass are given in Table 1 . The glass specimens were machined to the shape specified by the JIS R1606 standard as shown in Fig. 2 . The glass specimens were gripped at both ends using the pair of specialized jigs shown in Fig. 3 . To investigate tensile strength in relation to the thermoviscoelastic properties of the glass, strain rate and the temperature were varied in the tensile tests. The test conditions are given in Table 2 . In preliminary experiments, breaking of the glass specimen sometimes occurred in the part gripped by the jig (at both ends of the parallel part), because stress concentration occurs in the gripped part of the glass specimens. If breaking occurred at the gripped part, the measured tensile strength was lower than the 'true' value, and the scatter of the experimental data became very large. Consequently, experimental results in which breaking occurred at the gripped part were excluded from consideration, and only data obtained where breaking occurred in the parallel part of the specimens were used.
Examination results
Load-displacement diagrams obtained by uniaxial tensile tests at each test temperature are shown in Figs. 4-8. Two sets of data for the same strain rate are shown in each figure, and it is clear that the variability of the data cannot be disregarded. The variability arose because it was difficult to maintain a fixed temperature in the electric furnace even for the same temperature setting. Furthermore, even if the temperature distribution in the electric furnace was comparatively uniform, there was some temperature variation between the center and the edge of the specimen.
Moreover, all the load-displacement diagrams obtained by tensile tests were not linear, having inflection points, even at the room temperature (298 K). It seems that the influence by gripping a glass specimen with jigs is the main reason of the nonlinearity of the load-displacement diagram. Namely in the initial stage of the load-displacement diagram, the compliance of the gripped part is relatively large because the contact area between specimen and jig is small. On the other hand, in the stage of the middle to the latter half of the load-displacement diagram, the compliance becomes small since the contact area becomes relatively large.
The remarkable strain rate dependence of the load-displacement relationship at 873 K is shown in Fig. 8 . It is thought that the rate of the stress relaxation attributed to thermoviscoelastic properties was increased above the glass transition temperature of BK-7 (T g =849 K). At strain rate 2 µ/s, the tensile load reached 50 N, then decreased as displacement increased, and the specimen did not break. A similar tendency was observed at strain rate 28 µ/s. The load increased up to 250 N, then decreased gradually as displacement increased. Breaking of the specimen did not occur even though the final displacement was 60 mm (cf. Fig. 9 ). By contrast, at the highest strain rate (350 µ/s) the load increased linearly and breaking occurred.
These phenomena were caused by the thermoviscoelastic properties of the glass. When the strain rate was relatively small, breaking did not occur, so that the rate of stress relaxation exceeded the rate of stress increase generated by the applied strain. On the other hand, for high strain rate (350 µ/s), breaking occurred so that the influence of stress relaxation was relatively small.
Tensile strengths (breaking stresses) were calculated using load-displacement diagrams obtained by tensile tests at temperatures not higher than 773 K. In 350 µ/s with 873 K, only one specimen showed the damage in the parallel part. That is, all other specimens in 350 µ/s with 873 K were broken in the gripped part with jigs. Therefore, it was judged that the results measured at 873 K should be excluded from the discussion concerning the following tensile strength. The average values of tensile strength are shown in Table 3 . It was confirmed by these results that the tensile strength showed strain rate and temperature dependencies: the tensile strength decreased as the testing temperature increased, and increased as the strain rate increased. 
Approximation of the tensile strength
The objective of this study was to elucidate the relationship between tensile strength, strain rate and temperature of the glass. We take as the starting point the following creep constitutive equation suggested by Takada et al. (10) . (1) normally expresses the relationship between tensile stress and strain rate in creep deformation, in this study the equation was applied to the relationship between the tensile strength, strain rate and temperature for the thermoviscoelastic material. It is well known that the nonlinear relationship between stress and strain can be expressed by Norton's law. In addition, the temperature dependence of the stress can be expressed by the Arrhenius type equation shown in Eq. (1), which can be rewritten in the following form for ln σ:
According to Eq. (2), when absolute temperature T is constant ln σ becomes a linear function of ln T ε . Furthermore, if the strain rate T ε is constant ln σ can be expressed as a linear function of 1/T. Thus the relationship between strain rate (ln T ε ) and tensile strength (ln σ) from the tensile tests can be summarized by Fig. 10 . The relationship between ln σ and 1/T at each strain rate is shown in Fig. 11 . From these Figures, ln σ can be expressed as a linear function of ln T ε and 1/T, as per Eq. (2).
When the glass is treated as a linear thermoviscoelastic material, the time-temperature superposition principle (11) can be applied. According to this principle, relaxation functions measured at several temperatures are incorporated in a single curve (the master curve) by shifting datasets parallel to the logarithmic time axis. The parallel displacement is defined as a shift factor, which reflects the temperature dependence of the viscoelastic properties. A similar treatment can be applied if "time" is replaced by "rate" in the time-temperature superposition principle. In Fig. 10 , the standard temperature was specified to 573 K, and the ln σ-ln T ε lines at the other temperatures (298, 673 and 773 K) were shifted on the ln T ε axis so that all data points could be incorporated in one straight line. Here the shift factor α T0 (T) can be defined as follows. The relationship between the shift factor ln α T0 (T) and 1/T is shown in Fig. 13 . From the previous discussion, Eq. (2) can be rewritten in terms of the standard temperature T 0 and strain rate at the standard temperature 0 T ε as follows:
Substituting Eq. (4) into Eq. (6), the relationship between the tensile strength, strain rate and temperature can be derived by adding the shift factor term, giving
Subtracting Eq. (2) from Eq. (7) gives the following expression:
The definition of the shift factor for the tensile strength is equivalent to that of Narayanaswamy's equation (12) which is generally used for the shift factor of the relaxation modulus of thermoviscoelastic materials. ∆H/R in Eq. (8) is equal to the slope of the line in Fig. 13 . Applying the linear approximation for the shift factors in Fig.13 , we obtain ∆H/R=1965.8. Hence we can estimate the shift factor at an arbitrary temperature from Eq. (8) by substituting the value of ∆H/R. By substituting the master line of tensile strength (Eq. (5)) and the value of ∆H/R=1965.8 for Eq. (2), the values β =11.9 and γ =2.84×10 -17 were estimated. Moreover, substituting the values of ∆H/R, β and γ into Eq. (7), the relationship between the tensile strength σ, 
The relationship between the tensile strength, strain rate and temperature obtained by tensile tests is shown in the three-dimensional contour graph in Fig. 14. The same relationship expressed by Eq. (9) is shown in Fig. 15 . Comparison of Figs. 14 and 15 indicates that the accuracy in the high temperature region (in the vicinity of 773 K) slightly deteriorated. It is thought that the accuracy of the tensile strength originates in the accuracy of the shift factor. However, it was confirmed that the relationship between tensile strength, temperature and strain rate could be approximated with high accuracy by Eq. (9) . The accuracy of the calculated tensile strength compared with the experimental result was about 7.5%, confirming that the empirical equation derived in the present study is valid for expressing the tensile strength at arbitrary temperature and strain rate.
In the present paper, the Arrhenius type equation shown in Eq. (2) with activation energy has been employed to illustrate the temperature dependency on the tensile strength. This is the application of constitutive equation of creep Eq. (1). Here, we should carefully judge that the "stress" in Eq. (2) can be replaced by the "strength" to apply it for the damage criterion. It is expected that the activation energy for the thermoviscoelastic deformation may affect the temperature dependency on the strength. However, we cannot necessarily expect the direct relation between activation energy ∆H of the thermoviscoelastic property and that of the temperature dependency on tensile strength in Eq. (2) .
Namely, the activation energy of the thermoviscoelastic property and that of damage criterion are not necessarily the same. The activation energy for the thermoviscoelastic property is ∆H/R=73001 as shown in our paper (See ref. (4)). It is confirmed that the activation energy for the damage criterion obtained in the present paper (∆H/R =1965.8) is apparently small compared with that of thermoviscoelastic property.
Though the above-mentioned circumstances exist, we judged that the expression of Eq. (2), temperature dependency on tensile strength approximated by activation energy, is useful in the present paper. Of course, it need to continuously discuss the more preferable expression and the approximation about the temperature dependency on the tensile strength in the future.
Conclusions
Uniaxial tensile tests of the glass were carried out at a range of temperatures and strain rates. The relationship between tensile strength (breaking stress), temperature and strain rate was expressed by Norton's law and an Arrhenius type equation.
(1) In the load-displacement diagrams obtained by uniaxial tensile tests, the influence of the strain rate was clearly confirmed. The influence of the strain rate becomes dominant especially in the area above the glass transition temperature. (2) The strain rate and the temperature dependencies of the tensile strength were investigated in detail. It was found that the natural logarithm of the tensile strength was linearly related, to a good approximation, to the natural logarithm of the strain rate and the inverse of the absolute temperature. (3) An empirical equation for the strain rate and temperature dependencies of the tensile strength was estimated from the data obtained by tensile tests. It was confirmed that the relationship between tensile strength, temperature and strain rate could be approximated with high accuracy using Norton's law and an Arrhenius type equation. From the proposed empirical equation, the tensile strength of the BK-7 glass can be derived for arbitrary temperatures and strain rates.
